Background Regional performance of the hypertrophied left ventricle (LV) in hypertrophic cardiomyopathy (HCM) is still incompletely characterized with studies variably reporting that the hypertrophied myocardium is hypokinetic, akinetic, or has normal function. Different imaging modalities (M-mode or two-dimensional echocardiography) and methods of analysis (fixed or floating frame of reference for wall motion analysis) yield different results. We assessed regional function in terms of systolic wall thickening and shortening and related these parameters to end-diastolic thickness using tagged magnetic resonance imaging and the three-dimensional volume-element approach.
Background Regional performance of the hypertrophied left ventricle (LV) in hypertrophic cardiomyopathy (HCM) is still incompletely characterized with studies variably reporting that the hypertrophied myocardium is hypokinetic, akinetic, or has normal function. Different imaging modalities (M-mode or two-dimensional echocardiography) and methods of analysis (fixed or floating frame of reference for wall motion analysis) yield different results. We assessed regional function in terms of systolic wall thickening and shortening and related these parameters to end-diastolic thickness using tagged magnetic resonance imaging and the three-dimensional volume-element approach.
Methods and Results In 17 patients with HCM and 6 healthy volunteers, four parallel short-axis images with 12 radial tags and two mutually orthogonal long-axis images with four parallel tags were obtained at end diastole and end systole. After the LV endocardial and epicardial borders were traced, threedimensional volume elements were constructed by connecting two matched planar segments in two adjacent short-axis image planes, accounting for translation, twist, and long-axis shortening. A total of 72 such volume elements encompassed the entire LV. From each of these elements, end-diastolic thickness and systolic function (fractional thickening and circumferential shortening) were calculated. The average end-diastolic thickness was 15 .8±4.2 mm in patients with HCM, which was significantly greater than that in healthy subjects (8.6±2.1 mm, P<.001). Fractional thickening was significantly less in patients with HCM than in healthy subjects (0.31±0.22 versus 0.56±0.23, P<.001). There was a highly significant inverse correlation between fractional thickening and end-diastolic thickness that was independent of the type of hypertrophy or age group. Similar inverse relations were observed between circumferential shortening and end-diastolic wall thickness.
Conclusions The myocardium in patients with HCM is heterogeneously thickened and the fractional thickening and circumferential shortening of the abnormally thickened myocardium are reduced compared with healthy subjects. The decrease in fractional thickening and shortening is inversely related to the local thickness. (Circulation. 1994;90:1200-1209.)
Key Words * wall thickness * magnetic resonance imaging * left ventricle * cardiomyopathy T he left ventricle (LV), approximately two thirds of which is free wall and one third is septum, normally shows small regional differences in geometry, wall thickness, and load' that may cause nonuniform myocardial mechanical performance across the wall thickness and throughout the regions.2-4 In hypertrophic cardiomyopathy (HCM), heterogeneities in wall thickness as well as composition and fiber structure are greater and therefore may be associated with greater variation in regional myocardial performance. Regional systolic function of the hypertrophied Heart Association functional class I or II, and had no contraindication for MRI. A septal myotomy/myectomy had been performed in 1 patient, and catheterization studies had been performed in 7 patients. A control group of 6 healthy volunteers (5 men and 1 woman; age range, 31 to 40 years) was also studied for comparison.
MRI Acquisition
MRI was performed on a Signa 1.5-T scanner (General Electric Company Medical Systems). After the patient had been positioned in the magnet, six series of images were acquired. First, four series were planning scans to determine the orientation of the heart, the location of the image and tag planes for series 5 and 6, and the timing of end systole; series 5 and 6 were performed to obtain the final images for the study.
A sagittal single-slice, single-phase image was acquired that encompassed the entire LV (series 1). From this sagittal image, the silhouette of the heart was identified, and a multislice (8 to 10 slices) coronal scan was performed through the heart at a single time point (series 2). A cine image sequence (series 3) was also generated from a coronal slice that traversed the largest LV cavity area (including aortic valves). End systole was then identified as the moment at which the LV cavity was the smallest, immediately preceding flow reversal. From the coronal image with the largest LV cavity area in series 2 or 3, we selected an oblique long-axis image plane that passed through both the LV apex and the aortic orifice, and we acquired images at both end diastole and end systole (series 4).
From the oblique long-axis images, four parallel short-axis image planes (perpendicular to the long axis) were identified (series 5). Basal and apical planes were first located. The basal plane passed just below the mitral valves and cut through the muscular septum, and the apical plane passed just above the apical endocardium on both end-diastolic and end-systolic images. The remaining two midventricular image planes were then defined to trisect equally the interval between the basal and apical planes. Two mutually orthogonal long-axis image planes (series 6) were identified from the short-axis images; one plane was superimposed on the tag plane that cut through the middle of the ventricular septum. Acquisition of the four parallel short-axis and two orthogonal long-axis images was triggered by the R wave and accomplished using a multislice, multiphase spin-echo technique (time to echo, 14 milliseconds; time to repetition, the RR interval). The gated images were acquired by entering the desired delay after the R wave. Because each final image (series 5 and 6) required 256 cardiac cycles, a total of 1024 cardiac cycles were required for the four short-axis image acquisitions, and 512 cardiac cycles were required for the two long-axis acquisitions. The parameters for these images were a 256x128 matrix, two averages, 32-to 44-cm field of view, and 10-mm slice thickness. The tag lines were placed perpendicularly to the image plane at end diastole and persisted (for about 500 milliseconds) to end systole. During acquisition of the short-axis images, six tag planes separated by 300 of arc were made to intersect along the long axis of the LV, which produced 12 radial tag lines in each short-axis image. During acquisition of the long-axis images, four parallel tags were placed at the end-diastolic short-axis image planes; therefore, by following the motion of the tags, we could assess the magnitude of short-axis through-plane motion. The thickness of each tag plane was 3.0 mm. Fig 1  shows an example of such short-axis and long-axis images.
Data Analysis Image Processing
The files containing the digitized MRI data were transferred through a network to an IBM-compatible personal computer We also traced the endocardial and epicardial borders of the long-axis LV images to calculate the degree of base-to-apex translation of the short-axis images.
Correction for Base-to-Apex Translation of Short-Axis Images As seen in the long-axis images in Fig 1 (bottom) , as the heart contracted the myocardial tag lines moved downward toward the apex, which hardly moved at all. The magnitude of this systolic descent (which was calculated as the pixel difference between end diastole and end systole multiplied times pixel size) decreased from the basal to the apical slice (Table   TABLE 2 Plot of relations between the longitudinal descent of the tags and their end-diastolic distance from the epicardial apex for healthy subjects and for patients with hypertrophic cardiomyopathy (HCM). Note that there were very good linear descentdistance relations for both sets of data and that the slope of the relation in HCM was significantly less than that in healthy controls (P<.05), indicating that the longitudinal shortening in HCM was smaller than that in controls.
2) and was linearly related to the end-diastolic (tag) distance from epicardial apex (Fig 2) . Therefore, the image-acquisition technique produced end-diastolic and end-systolic images that were identical in location but were obtained from different myocardial segments due to base-to-apex translation.
To correct for this longitudinal translation, we developed a program that uses an algorithm that matches the short-and long-axis images to obtain complete three-dimensional information throughout the cycle. A similar matching algorithm is reported in the recent literature.17 A linear-interpolation algorithm is used to calculate the corrected position of the tag-endocardial and tag-epicardial intersections of the endsystolic short-axis images (see "Appendix"). The new interpolated points are the physical points that have translated with the muscle, both in the short-axis plane and in the long-axis direction, to its end-systolic location. This procedure was performed to calculate all the endocardial and epicardial points for all four slices. Fig 3 shows the three-dimensional end-diastolic and corrected end-systolic profiles (data are from the same patient with HCM as in Fig 1) .
Calculation of Geometric Parameters
Thickness was calculated by using the three-dimensional volume-element approach. 15 
Statistical Analysis
Values are given as mean+SD. Student's unpaired t tests were used to compare the differences between HCM and healthy subjects, and ANOVA was used to assess the significance of the differences in wall thickness and thickening between different regions. Values of P<.05 were considered to be significant.
Results
Global LV Systolic Function LV ejection fraction, which was calculated from the LV end-diastolic and end-systolic cavity volumes be- Fig 4B, there was no relation between thickness and thickening, which was subjected to variations. On average, the thickness and thickening were significantly different between regions in the HCM group: the anterior and septal regions were thicker and thickened less than the lateral and posterior regions (Table 3 ). However, in the healthy group, neither thickness nor thickening was significantly different between the regions. In all regions, the average end-diastolic thickness in patients with HCM was significantly greater than that in healthy subjects, whereas the fractional thickening in patients with HCM was significantly less (Table 3 ). The absolute thickening in patients with HCM was decreased only in the septal and anterior regions compared with those of healthy subjects (Table 2) . 
Thickness-Thickening Relations
When thickening was plotted against end-diastolic thickness, an inverse relation was clearly observed in patients with HCM: the thicker the wall, the less the thickening. Fig 5 shows an example of the relation between fractional thickening and end-diastolic thickness from a patient with HCM (closed circles indicate the patient from Fig 4) and a healthy subject (open circles). The relation is not as clear in the healthy subjects. For further analysis, we then segregated and averaged data within incremental bins of 5-mm end-diastolic thickness. Fig 6 is a summary ening and end-diastolic wall thickness (pooled data also segregated and averaged within bins of 5-mm increments of the end-diastolic thickness). Inverse relations were observed between circumferential endocardial and epicardial shortening and end-diastolic thickness, which were similar to the thicknessthickening relations shown in Fig 6. HCM Although studies have consistently shown impairment of diastolic function (ie, reduced early and middiastolic filling20'21 and leftward and upward shift of the end-diastolic pressure-volume relation22), systolic function of the hypertrophied myocardium has not yet been clearly characterized. Widely differing results suggest that the hypertrophic myocardium is akinetic, hypokinetic, or normokinetic.5-10 The disparity in results may be partially attributed to the methods used and partially to the different groups of patients studied in various series. One echocardiographic study9 in which the LV wall motion was analyzed using both fixed-and floatingreference systems produced different results with each of the methods (ie, according to the fixed-reference analysis, the hypertrophic myocardium was hypokinetic, and according to the floating-reference analysis, it was normokinetic). The techniques used so far to characterize myocardial function in patients with HCM have major limitations in that they do not adequately account for the three-dimensional geometry of the heart and specific myocardial points cannot be tracked, and therefore, measurement of regional myocardial function is inaccurate.
A recent study8 in which a gridlike MRI tagging pattern was applied showed that regional circumferential shortening and cardiac rotation were significantly reduced in patients with HCM compared with healthy control subjects. Another study23 in which`01T1 ECGgated single-photon emission computed tomography was used to assess fractional wall thickening demonstrated that thickening in healthy hearts and in relatively normal-thickness regions of hearts from patients with HCM was 0.53±0.05 and 0.56+0.11, respectively, whereas thickening in hypertrophied areas was significantly less (0.23±0.07). These observations are consistent with our results that systolic thickening decreased in the hypertrophied myocardium and remained normal in segments with normal thickness. It is well known that the asymmetrical septal and symmetrical HCM differ structurally and hemodynamically. However, the present study demonstrated decreased regional systolic function of the hypertrophied myocardium and a similar inverse thickening-thickness relation in both of these subgroups of patients. These results suggest that the expression and possibly mechanisms of the intrinsic functional abnormalities of the hypertrophied myocardium in these two subgroups of patients might be similar.
Our data-acquisition and -analysis techniques have several advantages. First, MRI tagging allows noninvasive placement of markers in the myocardium. Therefore, a reference system is not needed and systolic myocardial deformation can be measured directly, while accounting and correcting for the complex motion of the heart during the cardiac cycle.
Second, our analysis of short-axis images includes correction of long-axis translation. During systole, the LV myocardium moves toward the apex, and the magnitude of this through-plane motion (with respect to short-axis images) is directly related to the distance from the apex, which itself moves little.3738 This phenomenon was also observed in the present study. The basal tags in the long-axis images (Table 2 and Fig 2) moved toward the apex (11.3±3.7 mm versus the 12.8+3.8-mm descent of MRI-tagged LV base reported by Rogers et a137 and the 13.0±2.5-mm descent of mitral valve plane reported by Hoffman et a138), and this descent decreased near the apex. It must be understood that conventional short-axis images are acquired by a fixed-external-reference system, as in the present study. Therefore, the technique itself involved an inherent inaccuracy, because the images throughout the cardiac cycle are acquired from different myocardial segments as the heart moved toward the apex through each short-axis plane. We compensated for this inaccuracy mathematically by using linear interpolation on the information derived from the long-axis images. Rogers et al37 recently developed an MRI tissue-isolation technique that allows end-diastolic and end-systolic images to be acquired from the same myocardial segment.
Another advantage of our technique involves the measurement of myocardial wall thickness. We measured thickness using the three-dimensional volumeelement approach,1518 correcting for systolic rotation and longitudinal translation of each myocardial element. This yields a thickness measurement that is independent of the angle between image plane and LV wall and, by avoiding obliquity (especially at the apical region), provides a more accurate measurement of thickness than a planar analysis method. Because the thickness was calculated from the muscle volume of the three-dimensional volume elements, the difference between the end-diastolic and end-systolic muscle volume might affect our thickening calculation. However, we found no significant difference between end-diastolic and end-systolic muscle volume. A trend for a difference in muscle volume of only 8% in the group with HCM and 6% in the healthy group would not critically affect our results.
Finally, we propose that our current approach relating regional systolic function (thickening and shortening) to the local wall thickness provides important information in addition to studies relating function to the anatomic regions8 (ie, septum versus lateral wall, and base versus apex). It has been shown that HCM is a disease with a great individual variability and that "no two hearts are alike."29 Even in the subgroup of patients with asymmetrical septal hypertrophy, the involvement might be in the basal, midlevel, and/or apical septum.39 Therefore, we divided each short-axis image slice into 24 segments (12 segments from manually marked points and 12 from interpolated points). The smaller the size of the volume elements, the more accurate was the thickness measurement, since the thickness was calculated as the average thickness of the volume elements in the present study. We believe that because of this great heterogeneity, the analysis of the average regional systolic function based on the anatomic region8 may not provide as accurate measure of the relation between the local hypertrophy and function as our current approach.
Studies'40 in which thickness was measured using sonomicrometric crystals have shown that there also is a difference in systolic thickening across the thickness of wall. In the healthy dog, the endocardial half of the myocardium thickens more than the epicardial half of the myocardium. In dogs in which LV hypertrophy had been produced by banding their aortas, exercise caused endocardial thickening to decrease by 45%, whereas epicardial thickening increased (by 18%). We were unable to separate the endocardial and epicardial components of thickening in the present study.
Regional differences in myocardial relaxation were also observed in patients with HCM. 20 Using simultaneous ventricular pressure manometry and cine left ventriculography, Hayashida et a120 found that the relaxation of regional wall stress was more prolonged in the region with increased wall thickness than that in the region with normal thickness in patients with nonuniform LV hypertrophy. The results indicate that increased wall thickness is associated with greater impairment of myocardial relaxation, which is compatible with our present conclusion that the thicker the wall, the more impaired is the thickening. Conclusions From this study in patients with HCM in which we used MRI tagging, three-dimensional reconstruction, and correction for motion and displacements to obtain wall thickening and circumferential shortening, we conclude that the systolic function of hypertrophied myocardium is heterogeneously impaired and that the degree of the impairment is inversely related to the wall thickness of the myocardium.
cally described in Fig 10. In general, the x-y coordinates of the short-axis images are obtained at equal z (longitudinal) locations for both the end-diastolic and end-systolic (A) slices. From the two orthogonal end-systolic long-axis images (one of the two long-axis images was shown, as an example, in the bottom panel of Fig 1) , the new z values of the corresponding four epicardial and four endocardial points are obtained. The z values of the rest of the points for each short-axis image were calculated by linear interpolation in the circumferential direction. To obtain the x-y values of the new z points, linear interpolation was performed between two corresponding points of two adjacent slices. For the points Cl and Dl on slices C and D shown in B, the following interpolation was performed to obtain the interpolated point Dl', given the end-systolic point location zD1 ': xDl' =xDl +(xCl -xDl)(zDl' -zDl)!(zCl-zDl) yDl ' =yDl +(yCl -yDl)(zDl '-zDl)/(zCl -zDl) where values of xDl and yD1 were obtained from end-systolic short-axis images of slice D (C). The new interpolated points represent the identical physical points that have translated with the muscle, both in the x-y plane and in the z direction, to their end-systolic locations. This procedure was performed for all the endocardial and epicardial points of slices A, B, C, and D. The result is the corrected end-systolic location of the set of end-systolic points defined by the junction between the endocardial and epicardial borders with the tag lines.
